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mersion pulmonary edema (IPE) can occur in otherwise healthy
swimmers and divers, likely because of stress failure of pulmonary
capillaries secondary to increased pulmonary vascular pressures. Prior
studies have revealed progressive increase in ventilation [minute
ventilation (V̇E)] during prolonged immersed exercise. We hypothe-
sized that this increase occurs because of development of metabolic
acidosis with concomitant rise in mean pulmonary artery pressure
(MPAP) and that hyperoxia attenuates this increase. Ten subjects were
studied at rest and during 16 min of exercise submersed at 1 atm
absolute (ATA) breathing air and at 4.7 ATA in normoxia and
hyperoxia [inspired PO2 (PIO2) 1.75 ATA]. V̇E increased from early (E,
6th minute) to late (L, 16th minute) exercise at 1 ATA (64.1 � 8.6 to
71.7 � 10.9 l/min BTPS; P � 0.001), with no change in arterial pH or
PCO2. MPAP decreased from E to L at 1 ATA (26.7 � 5.8 to 22.7 � 5.2
mmHg; P � 0.003). V̇E and MPAP did not change from E to L at 4.7
ATA. Hyperoxia reduced V̇E (62.6 � 10.5 to 53.1 � 6.1 l/min BTPS;
P � 0.0001) and MPAP (29.7 � 7.4 to 25.1 � 5.7 mmHg, P �
0.002). Variability in MPAP among subjects was wide (range 14.1–
42.1 mmHg during surface and depth exercise). Alveolar-arterial PO2

difference increased from E to L in normoxia, consistent with in-
creased lung water. We conclude that increased V̇E at 1 ATA is not
due to acidosis and is more consistent with respiratory muscle fatigue
and that progressive pulmonary vascular hypertension does not occur
during prolonged immersed exercise. Wide variation in MPAP among
healthy subjects is consistent with variable individual susceptibility to
IPE.

diving; blood gas analysis; pulmonary circulation; pulmonary wedge
pressure

IMMERSION PULMONARY EDEMA (IPE) is a syndrome characterized
by dyspnea, cough, expectoration of blood-tinged sputum, and
hypoxemia, which can occur in otherwise healthy individuals
during diving and surface swimming. Since the first description
of IPE in 1989 by Wilmshurst et al. (67) in scuba divers in cold
waters, there have been many reported cases (1, 6, 9, 20, 41).

Evidence from case reports and case series supports the
notion that IPE represents a form of hemodynamic pulmonary
edema (31, 39, 41, 67), probably due to the additive effects of

immersion-induced increase in pulmonary blood volume and
pulmonary artery hypertension due to exertion. Evidence for a
hemodynamic etiology also includes the observation that when
swimming in the lateral decubitus position unilateral edema
tends to occur in the dependent lung (39, 41).

IPE tends to occur in cold water (31), which is consistent
with an augmented preload in the cold (34). It has been
reported that individuals who have experienced IPE have an
exaggerated vasoconstrictive response to cold (67), suggesting
that during cold water immersion hydrostatic pulmonary
edema results from the combination of increased afterload and
preload. The most prevalent mechanism involves stress failure
of pulmonary capillaries as a result of increased pulmonary
vascular pressures (31, 38). Pulmonary artery pressure and
pulmonary arterial wedge pressure (PAWP) both increase dur-
ing immersion, and to a greater degree in cold water (66).

It has been shown that during underwater exercise at a fixed
rate with a �15 cmH2O static transrespiratory pressure load
[Ptr, “static lung load” (64)] ventilation does not stay constant,
but rather increases beyond 12.5-min duration at 1.12 and 2.7
atm absolute (ATA) (53, 69). The investigators proposed that
the increase in ventilation in untrained subjects may be caused
by lactate accumulation in locomotor and/or respiratory mus-
cles (54, 69) and possibly by systemic metabolic acidosis (53).
Compared with exercise in the dry, underwater exercise is
more likely to induce respiratory muscle fatigue because of
increased resistive and elastic load (12, 52). Experimental
evidence suggests that during heavy exercise the respiratory
muscles may compete with the locomotor muscles for blood
flow. During respiratory muscle fatigue blood flow to the
locomotor muscles may be decreased (14, 56). Moreover, if the
increased ventilation reflected a less efficient ventilatory pat-
tern, metabolic acidosis could be compounded by respiratory
acidosis. Metabolic and/or respiratory acidosis would be ex-
pected to increase pulmonary vascular resistance (PVR) and
pressures (26, 63), and indeed this time frame (10–12 min) is
consistent with the onset of IPE symptoms in many reported
cases. Additionally, although during normocapnia hyperbaric
hyperoxia has a vasodilatory effect on pulmonary vasculature
at rest (44), this could be offset or eliminated by hypercapnia
induced by hyperoxic depression of respiratory drive. Indeed,
exercise under dry hyperbaric hyperoxic conditions [2.0 ATA
inspired PO2 (PIO2

)] is accompanied by increased arterial and
venous PCO2 compared with normoxia (35). Although a recent
study observed no influence of PO2 on ventilation in the range
0.7 ATA to 1.3 ATA PIO2

during immersed exercise at 4.7
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ATA (8), there have been no studies comparing normoxia (PIO2
�

0.2) with the highest PIO2
used in actual diving operations, 1.75

ATA.
In the present study, we tested the hypotheses that 1) the

cause of the increase in ventilation during immersed exercise
beyond 10-min duration is metabolic and respiratory acidosis,
which induces a concomitant rise in pulmonary artery pressure,
and 2) hyperoxia attenuates the increase in pulmonary artery
pressure despite high PCO2 during exercise at 4.7 ATA.

MATERIALS AND METHODS

Subject selection. After institutional approval and informed con-
sent, 10 volunteer subjects were studied. Screening before the exper-
imental days included medical history, physical examination, 12-lead
electrocardiogram, posterior-anterior and lateral chest radiographs,
measurement of vital capacity, forced expiratory volume (FEV) in 1
s (FEV1), FEV at 25–75% of vital capacity (FEV25–75), body fat by
caliper skinfold measurement, aerobic capacity [maximal O2 con-
sumption (V̇O2max)] measured under dry conditions on a bicycle
ergometer, and hypercapnic ventilatory response (HCVR) (8). V̇O2max �
30 ml·kg�1·min�1, ratio of FEV1 to forced vital capacity � 0.75, or
estimated body fat �3% higher than the age- and sex-based upper limits
(male � 35 yr � 25%, �35 yr � 28%; female � 35 yr � 38%, � 35
yr � 41%), contraindications to diving (ear or sinus infection and
inability to autoinflate the middle ear), and pregnancy were grounds for
exclusion from the study. The aerobic fitness minimum threshold was
established in order that the subject pool might reasonably model US
Navy divers.

Chamber and conditions. Briefly, the experiment was conducted in
a small water-filled pool (volume 4.42 m3) inside a hyperbaric
chamber. Subjects exercised in the prone position, using an electron-
ically braked ergometer as previously described (8). Inspired and
expired gas was conducted to and from the subject via tubing con-
nected to an adjacent chamber that was kept at a slightly higher
pressure to compensate for the water depth and maintain Ptr at �3–4
cmH2O.

Subjects were prone for immersed rest and exercise. Air tempera-
ture inside the chamber was maintained at 22–25°C. All trials were
conducted in thermoneutral water (28.4–30.8°C) (11). Surface trials
were conducted with the chamber at atmospheric pressure, typically
750 mmHg. Trials at depth were at 4.7 ATA (equivalent to a depth of
122 ft/37 m of seawater). The actual bottom time (time from leaving
the surface to the start of decompression) during each experiment
ranged from 41 to 68 min (median 48 min). Decompression tables
were designed for the study by using 100% O2 breathing with
intermittent breaks during which the subjects breathed air.

Equipment. A mixing box made in-house was used to ensure
homogeneous mixing of expired gas samples. A cylindrical mixing
box was constructed of acrylic with nylon end-caps, dimensions of
63.5-cm length by 29.2-cm internal diameter, and volume of 45 liters
with 7 baffles. After a step change in gas concentration at the intake,
time to reach 90% of plateau value at the output at a flow of 60 l/min
was calculated at 45 s assuming an exponential rise. The actual
measured times were 37.4 s at surface and 40.6 s at 4.7 ATA. The
mixing box was placed between the subject’s breathing mask and the
expiratory bag (200-l Douglas bag). Additional details of the appara-
tus were as previously described (8).

Instrumentation. At the start of each experiment, a radial artery
catheter (20 gauge, Arrow International, Reading, PA) and a pulmo-
nary artery (PA) catheter (model 131HF7 standard 4-lumen monitor-
ing catheter with antimicrobial heparin coating, Edwards Life-
sciences, Irvine, CA) were inserted. The PA catheter was inserted via
an antecubital vein. Radiographic imaging was used to confirm that
the tip was in a pulmonary artery (8).

Procedure. Each subject was submersed in water to �50-cm depth
measured at the midchest in the prone position and studied under the
following conditions: 1) at rest at the surface, 2) during exercise at the
surface, and 3) during exercise at a simulated depth of 37 m of
seawater (4.7 ATA). The protocol, identical except for the gas mixture
at depth, was repeated on a second study day. Experimental sessions
for each subject were separated by 7–42 days (median 14 days). For
the remainder of the text, “surface” is defined as 1 ATA and “depth”
as 4.7 ATA.

All subjects breathed air for trials at the surface (21% O2, or 0.21
ATA PO2). At depth, each subject breathed an O2-N2 gas mixture with
0.21 ATA PO2 (4.3% O2) and 1.75 ATA PO2 (37% O2), delivered
during different experimental sessions in random order. Randomiza-
tion of surface versus depth measurements could not be performed
because of the risk of decompression illness (DCI) with heavy
exercise immediately after diving.

After equilibration of gas in the mixing box with the subject’s
mixed expired gas, each trial at surface consisted of 6 min of resting
measurements followed by 16 min of exercise measurements. Resting
data were not collected at depth because of time constraints. For each
resting trial, expired gas was collected during the 3rd to 6th minutes.
Arterial and mixed venous (from the PA catheter) blood samples were
collected anaerobically over a 15- to 20-s period during the sixth
minute of rest.

Exercise levels were set at 100 W (externally measured power) for
underwater exercise, and subjects pedaled at a rate of 60 rpm. Earlier
studies had estimated the power required to move the legs through the
water at �50 W. For two subjects, external work rate was decreased
to 75 W because of fatigue during the practice exercise sessions. For
one subject, external work rate was increased to 175 W because of his
very high exercise capacity. Expired gas was collected during the 5th,
6th, 15th, and 16th minutes of each exercise period. Arterial and
mixed venous blood samples were collected anaerobically in heparin-
ized glass syringes over a 15- to 20-s period during the 6th and 16th
minutes.

Measurements. Monitoring and data collection were as previously
described (8). ECG, arterial pressure, pulmonary arterial pressure, and
central venous pressure were continuously recorded, with intermittent
PAWP measurement. Mean arterial pressure (MAP), mean pulmonary
arterial pressure (MPAP), and mean central venous pressure (CVP)
were obtained by digital averaging.

Pressure transducers (Hospira, Lake Forest, IL) were positioned
and maintained at the water surface level. The pressure of the chamber
containing the breathing gases was maintained equal to the hydrostatic
pressure at the subject’s midchest level. Core body temperature was
monitored by the PA catheter and recorded during the experiment. At
the end of each experiment the digital output from the PA catheter was
calibrated in water against an analytic thermometer.

Samples of arterial and mixed venous blood (3–4 ml) were drawn
anaerobically and kept on ice until analysis (�30 min) (8). Each blood
sample obtained at depth was maintained in ice within a polyvinyl
chloride (PVC) pressurized container, removed via air lock, and
analyzed by blood gas analyzer (Synthesis 15, Instrumentation Lab-
oratory, Lexington, MA) and CO-oximeter (model 682, Instrumenta-
tion Laboratory) in a separate chamber pressurized to 18.2 m of
seawater (2.82 ATA) as previously described (8). Total CO2 was
calculated according to a previously described method (7).

Mixed expired O2 and CO2 concentrations and fraction of end-tidal
CO2 (FetCO2) were measured with mass spectrometry (MS) (model
1100 medical gas analyzer, Perkin-Elmer, Pomona, CA) and con-
firmed by gas chromatography (GC) (model 3800, Varian, Palo Alto,
CA) (8). During collection of expired gases, 500–1,000 ml of mixed
expired gas was drawn from the mixing box into a glass syringe
during the 5th, 6th, 15th, and 16th minutes for analysis by GC. For
measurement of mixed expired gases at depth with 1.75 ATA PIO2,
calibration gases (Airgas, Radnor, PA) over a narrow range of O2

concentrations (33.8565%, 34.8511%, 35.9501%, 37.3167%) were
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used. Mixed expired O2 concentration was obtained by both MS and
GC by bracketing the unknown gas with the two closest calibration
gases.

Calibrations. Before each experimental run, the gasometer, blood
gas analyzer, and CO-oximeter were calibrated. Because of the po-
tential error in measurement of V̇O2 at high inspired O2 fraction (FIO2),
the mass spectrometer was calibrated immediately before each run
with the gases described above. The pressure transducers were cali-
brated with an anaeroid gauge that had been precalibrated against a
mercury manometer.

Calculations. Tidal volume (VT) was calculated with measure-
ments of minute ventilation (V̇E) and ventilatory frequency (f) and
was converted to BTPS. Pulmonary artery temperature (Tbody) at the
surface was measured from the PA catheter thermistor and was used
for BTPS corrections. At depth, the increase in ambient pressure
caused the PA catheter thermistor to malfunction; thus during depth
runs Tbody was assumed to be 37.0°C. O2 consumption (V̇O2) and CO2

elimination (V̇CO2) rates were determined from standard equations
using GC measurements. Fick cardiac output (CO) was calculated as
V̇O2/(CaO2 � CvO2), where CaO2 and CvO2 are the arterial and mixed
venous O2 contents, respectively. PVR was calculated as 80 �
(MPAP � PAWP)/CO. PO2, PCO2, pH, and alveolar-arterial PO2

(PAO2-PaO2) difference were adjusted for Tbody at the surface accord-
ing to the National Committee for Clinical Laboratory Standards (3).
For depth runs, blood gas values were reported as uncorrected for
Tbody. This was felt to be reasonable, as temperature increases during
surface exercise were small and were expected to be attenuated at
depth because of the higher thermal capacity of breathing gas at depth,
which would tend to remove heat from alveolar capillary blood.
Arterial and mixed venous base excess (BE) were calculated from
hemoglobin, bicarbonate, and pH (59). Arterial and mixed venous
hemoglobin and hematocrit values were corrected for the added
heparin volume (0.3 ml).

Statistics. Effects of depth, PIO2, and exercise time on V̇E, f, VT,
alveolar ventilation (V̇A), fractional dead space (VD/VT), MPAP,
PAWP, CO, CVP, PVR, MAP, heart rate (HR), arterial and mixed
venous pH, bicarbonate, BE, PCO2, PO2, and PAO2-PaO2 difference
were analyzed by repeated-measures analysis of variance (mixed
model, SAS Enterprise Guide 4.0, Cary, NC). Condition (surface,
normoxia at depth, hyperoxia at depth) and time (early, late in
exercise) were treated as categorical variables. Condition, time, and
the interaction of condition with time were included as main effects,
with subject as the within-subjects effect. Tukey adjustment was used
for post hoc analysis of condition and time for all pairwise compar-
isons of significant predictors. The significance level was set at � �
0.05. Results are displayed as means � SD.

RESULTS

Subjects. Subject characteristics appear in Table 1. No sub-
jects were smokers. Of the 10 subjects studied, 9 completed all

exercise runs. One subject stopped before completion of the
exercise session at depth with 0.21 ATA PIO2

because of a
sensation of air hunger, which resolved immediately after
cessation of the exercise. There were no incidents of baro-
trauma or DCI. Two subjects developed phlebothrombosis in
the arm of the catheter insertion—one was asymptomatic, and
one became asymptomatic after a few days. No signs or
symptoms of pulmonary edema were present in any subject.

Respiratory parameters. Under surface conditions, V̇E, f,
VT, and V̇A increased, and VD/VT decreased from rest to
exercise (P � 0.0001 for all parameters). Tbody (mean � SD)
at rest was 36.7 � 0.6°C, in early exercise 37.3 � 0.5°C, and
in late exercise 37.6 � 0.5°C.

V̇E, V̇A, f, VT, and VD/VT during exercise trials are shown in
Fig. 1. At the surface, V̇E increased from early to late exercise
(12% increase, P � 0.0004). At depth, V̇E was decreased
during normoxia (6.5% decrease from surface, P � 0.01) and
further decreased by hyperoxia (16.3% decrease from nor-
moxia at depth, P � 0.0001); however, there was no statisti-
cally significant change from early to late exercise (normoxia:
5.6% increase, P � 0.07; hyperoxia: 7.6% increase, P � 0.08).

VT did not significantly change from early to late exercise
(P � 0.07) and did not differ between conditions (P � 0.47).
Changes in ventilation were reflected in f, which increased
from early to late exercise at the surface (19.6% increase, P �
0.0004), decreased at depth (7.6% decrease from surface, P �
0.02), and further decreased with hyperoxia (16.9% decrease
from normoxia at the surface, P � 0.0001; 10.0% decrease
from normoxia at depth, P � 0.006).

VD/VT was increased by hyperoxia (15.5% increase from
normoxia, P � 0.002) and was not affected by depth alone or
by time during exercise. V̇A (calculated from VD/VT and V̇E)
reflected changes in V̇E and was decreased by depth (11.5%
decrease from surface, P � 0.01) and hyperoxia (21.7%
decrease from normoxia at depth, P � 0.0001). V̇A increased
from early to late exercise only at the surface (11.1% increase,
P � 0.005).

HCVR in one subject. During prescreening, subject 3 was
noted to have a remarkably low HCVR (0.10 l·min�1·mmHg�1).
Because low HCVR has been correlated with increased levels
of arterial PCO2 (PaCO2

) in divers (8), and extremely low HCVR
has been reported to predict dangerous hypercapnia (48), we
have chosen to include selected respiratory, hemodynamic, and
blood gas parameters for this subject (see Table 4).

Cardiovascular parameters. Arterial, pulmonary artery, pul-
monary artery wedge pressures and central venous waveforms

Table 1. Subject characteristics

Subject Sex Age, yr Height, cm Weight, kg Estimated Body Fat, % V̇O2max, ml � kg�1 � min�1 HCVR, (l � min�1 � mmHg�1) FVC, liters

1 M 23 182.9 67.05 9.90 57.4 1.93 6.14
2 M 34 182.9 90.75 16.00 40.0 1.25 6.00
3 M 27 177.8 63.05 9.20 44.2 0.10 5.29
4 M 44 177.8 87.50 18.90 36.8 0.90 6.20
5 M 26 188.0 86.85 13.70 44.4 2.11 5.73
6 M 27 176.5 75.60 6.90 62.0 2.65 5.40
7 F 25 175.3 68.20 23.90 34.7 0.97 3.92
8 M 20 170.8 70.30 7.10 44.3 1.05 4.18
9 F 29 166.4 65.05 23.80 40.3 0.76 4.44

10 M 33 170.2 80.10 18.60 37.6 1.66 5.89
Mean � SD 28.8 � 6.8 176.9 � 6.6 75.5 � 10.2 14.8 � 6.5 44.2 � 8.9 1.3 � 0.8 5.3 � 0.9

V̇O2max, maximal O2 uptake; HCVR, hypercapnic ventilatory response; FVC, forced vital capacity; M, male; F, female.
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were obtained from all subjects. Exercise, compared with rest,
significantly increased HR, MAP, CO, and MPAP (P �
0.0001). PVR and systemic vascular resistance (SVR) signifi-
cantly decreased from rest (P � 0.04 and � 0.001, respec-
tively). Stroke volume (SV; P � 0.15), CVP (P � 1.0), and

PAWP (P � 0.26) did not differ significantly from rest to
exercise.

Effects of depth on systemic hemodynamics. Systemic he-
modynamic results are shown in Table 2. In normoxia, com-
pared with the surface, at depth there were increases in HR

Fig. 1. Minute ventilation (V̇E), alveolar ventilation
(V̇A), ventilatory frequency (f), tidal volume (VT), and
fractional dead space (VD/VT) during exercise trials.
Early, 6 min of exercise; late, 16 min of exercise. V̇E

increased from early to late exercise at the surface, but
not at depth. V̇E was reduced by depth and further
reduced by hyperoxia. VT did not significantly change
from early to late exercise and did not differ between
conditions; f increased from early to late exercise at the
surface and was reduced by depth and further reduced
by hyperoxia. VD/VT was increased by hyperoxia and
was not affected by depth alone or by continued exer-
cise. V̇A increased from early to late exercise only at the
surface. V̇A was reduced by depth and hyperoxia. Mean
values � SD are shown. *Statistical significance (P �
0.05) between a pair of conditions; §significant differ-
ence (P � 0.05) between early and late exercise at the
surface. PIO2, inspired PO2; ATA, atmospheres absolute.

Table 2. Systemic hemodynamic results during rest and exercise

Surface Normoxia at Depth Hyperoxia at Depth

Rest Early Late Early Late Early Late

HR, beats/min 62 � 13 131 � 15* 147 � 15*† 139 � 16‡ 152 � 14†‡ 127 � 16‡§ 137 � 18†‡§
MAP, mmHg 98.5 � 7.2 117.5 � 7.2* 110.8 � 6.0*† 119.2 � 8.4‡ 115.4 � 8.4†‡ 115.0 � 6.6§ 112.8 � 6.4†§
CVP, mmHg 5.9 � 1.6 5.9 � 3.3 3.9 � 3.0 8.3 � 6.2‡ 8.1 � 6.0‡ 7.3 � 3.6§ 5.4 � 4.1§
SVR, dyn � s �cm�5 1,569.6 � 585.1 623.5 � 111.0* 568.6 � 91.3* 501.9 � 181.5‡ 460.1 � 110.9‡ 511.8 � 79.0‡ 517.5 � 111.2‡
SV, ml 91.8 � 38.1 113.1 � 25.4 104.6 � 24.5 154.8 � 73.6‡ 122.4 � 17.7‡ 137.7 � 27.6‡ 124.9 � 23.7‡
V̇O2, l/min STPD 0.35 � 0.12 2.14 � 0.34* 2.26 � 0.43* 2.22 � 0.58 2.30 � 0.52 2.14 � 0.51 2.14 � 0.34
V̇CO2, l/min STPD 0.29 � 0.09 2.11 � 0.31* 2.14 � 0.35* 2.14 � 0.38 2.08 � 0.26 1.86 � 0.28‡§ 1.96 � 0.32‡§

Values are means � SD. Surface, air, 1.0 atm absolute (ATA); normoxia at depth, 0.2 ATA, inspired PO2 (PIO2), 4.7 ATA; hyperoxia at depth, 1.75 ATA PIO2,
4.7 ATA; Rest, resting values; Early, exercise values, 6 min; Late, exercise values, 16 min; HR, heart rate; MAP, mean arterial pressure; CVP, central venous
pressure; SV, stroke volume; SVR systemic vascular resistance; V̇O2, O2 consumption rate; V̇CO2, CO2 elimination rate. Significant difference (P � 0.05): *from
rest to exercise; †from early to late exercise; ‡depth compared with surface; §hyperoxia compared with normoxia at depth.
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(4.2% increase, P � 0.009), MAP (3.0% increase, P � 0.007),
CVP (66.0% increase, P � 0.002), CO (20.2% increase, P �
0.009, Fig. 2), and SV (28.3% increase from surface, P �
0.007). On the other hand, SVR was decreased at depth (19.3%
decrease from surface, P � 0.01).

Effects of hyperoxia on systemic hemodynamics. Hyperoxia
decreased HR compared with normoxia at depth (9.0% de-
crease, P � 0.0001) and compared with surface (5.2% de-
crease, P � 0.0007). The increase in MAP from surface to
depth was abolished by hyperoxia at depth (P � 0.82, depth
hyperoxia compared with surface). The increase in CVP at
depth was abolished by hyperoxia. At depth, hyperoxia did not
induce any significant change in CO (P � 0.39), SVR (P �
0.65) or SV (P � 0.42).

Effects of sustained exercise on systemic hemodynamics. HR
increased significantly from early to late exercise (9.6% increase,
P � 0.0001). There was a statistically significant decrease in
MAP from early to late exercise (3.5% decrease, P � 0.02). There
was no significant change from early to late exercise in CO (P �
0.59), CVP (P � 0.08), SVR (P � 0.33), or SV (P � 0.07) across
all PO2 and depth conditions.

Effects of depth, hyperoxia, and sustained exercise on pul-
monary hemodynamics. MPAP, PAWP, CO, and PVR during
exercise trials are shown in Fig. 2. In normoxia, MPAP was
increased by depth (19% increase, P � 0.001). This increase
was not seen in with hyperoxia at depth. Measurement of
MPAP at 1-min intervals during exercise showed a decrease in
MPAP from early to late exercise that was significant at the
surface (P � 0.003) but not at depth. Interindividual variation
in MPAP was wide (range 16.0–39.6 mmHg at the surface,
14.1–42.1 mmHg in normoxia at depth, and 16.6–36.0 mmHg

in hyperoxia at depth) (see Fig. 3). PAWP did not differ among
conditions or from early to late exercise.

In normoxia, PVR was not significantly affected by depth (P �
0.21). At depth, hyperoxia decreased PVR compared with
normoxia (27.9% decrease, P � 0.009). There was no change
in PVR from early to late exercise (P � 0.99).

V̇O2 and V̇CO2 results are shown in Table 2. V̇O2 during
exercise was �65% of mean V̇O2max for subjects and was not
affected by depth (P � 0.51) or PO2 (P � 0.28). There was no
difference in V̇O2 from early to late exercise (P � 0.44). In
normoxia, V̇CO2 was not affected by depth (P � 0.58). Hyper-
oxia decreased V̇CO2 compared with normoxia (at depth, 11.0%
decrease from normoxia, P � 0.0001 9.9% decrease compared
with surface, P � 0.0001). There was no change in V̇CO2 from
early to late exercise (P � 0.21).

Blood gas parameters. At surface, from rest to exercise,
arterial pH, bicarbonate, total CO2 (TCO2), and BE decreased
significantly (P � 0.0003 for pH, P � 0.0001 for bicarbonate
and BE, P � 0.004 for TCO2). PaCO2

and PaO2
did not change

significantly from rest to exercise (P � 0.20 and P � 0.58,
respectively) (Table 3). Mixed venous pH and BE decreased
significantly from rest to exercise (P � 0.0001 and P � 0.01,
respectively), but mixed venous bicarbonate and TCO2 did not
(P � 0.89 for bicarbonate, P � 0.91 for TCO2).

PaO2
, PaCO2

, arterial pH, bicarbonate, BE, and TCO2 during
exercise trials are shown in Table 3. Arterial pH, BE, TCO2,
and bicarbonate did not change from early to late exercise.
Arterial pH did not differ among depth or PO2 conditions (P �
0.31). Arterial BE during exercise was increased (less nega-
tive) in normoxia at depth compared with the surface (P �
0.0007) and further increased in hyperoxia at depth (P �

Fig. 2. Mean pulmonary artery pressure (MPAP), pul-
monary arterial wedge pressure (PAWP), cardiac out-
put (CO), and pulmonary vascular resistance (PVR)
during exercise trials. Early, 6 min of exercise; late, 16
min of exercise. During normoxia, MPAP was in-
creased by depth. This increase was attenuated by
hyperoxia. PAWP did not differ among conditions or
from early to late exercise. In normoxia, CO was
increased by depth, an effect that was attenuated by
hyperoxia. There was no significant change in CO from
early to late exercise. PVR was decreased by hyperoxia
but not by depth alone. There was no change in PVR
from early to late exercise. Mean values � SD are
shown. *Statistical significance (P � 0.05) between a
pair of conditions.
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0.0001). Arterial bicarbonate was increased by depth (12.2%
increase from surface, P � 0.0001) and further increased by
hyperoxia at depth (12.8% from normoxia at depth, P �
0.0001). Arterial TCO2 was increased by depth (12.5% in-
crease from surface, P � 0.0002) and further increased by
hyperoxia at depth (12.6% increase from normoxia at depth,
P � 0.0001).

PAO2
-PaO2

difference during exercise trials is shown in Fig. 4. In
normoxia, there was no effect of depth on the PAO2

-PaO2

difference (P � 0.09). From early to late exercise, the PAO2
-

PaO2
difference increased 51.5% in normoxia (P � 0.02) but

did not change significantly during hyperoxia.
In normoxia, mean PaO2

was constant at �101.6 � 10.1
mmHg with no significant change at depth (P � 0.16) or from
early to late exercise (P � 0.06). In hyperoxia, mean PaO2

was
1,061.7 � 56.4 mmHg, with no significant change from early
to late exercise (P � 0.67). PaCO2

increased significantly with
depth (12.8% increase, P � 0.0001) and further with hyperoxia
at depth (10.8% increase from normoxia at depth, P � 0.0001).
There was no statistically significant change in PaCO2

from
early to late exercise (P � 0.06). The interaction term between
depth and PO2 conditions with exercise was not significant
(P � 0.10).

Mixed venous pH did not differ among depth or PO2 condi-
tions (P � 0.90) or from early to late exercise (P � 0.65).
mixed venous PO2 (Pv�O2

) was increased by depth (30.5%
increase from surface, P � 0.0001) and further increased by
hyperoxia (5.4% increase from normoxia at depth, P � 0.03).
There was no difference from early to late exercise in Pv�O2

(P � 0.30) or mixed venous PCO2 (Pv�CO2
) (P � 0.14). Pv�CO2

was increased by depth (5.5% increase from surface, P �
0.03), with no further effect of hyperoxia compared with
normoxia at depth (P � 0.95). Mixed venous TCO2 was
increased by depth (6.1% increase from surface, P � 0.008)
and further increased by hyperoxia at depth (7.6% increase from
normoxia at depth, P � 0.0007).

DISCUSSION

In this investigation of sustained immersed exercise over the
PIO2

range of 0.2 to 1.75 ATA, we found that the increase in
ventilation seen at the surface was not related to changes in
blood gases (i.e., acidosis). Pulmonary vascular pressures
showed very wide individual variability (range � 14.1–42.1
mmHg) and were increased at depth in normoxia compared
with surface, an effect that was attenuated by hyperoxia.

Fig. 3. MPAP during exercise trials. Each circle represents a single measurement for a subject. The mean for all subjects at each time point is indicated by a
horizontal bar. Measurement of MPAP at 1-min intervals during exercise showed a decrease in MPAP from early to late exercise that was significant at the surface
(P � 0.003) but not at depth. Interindividual variation in MPAP was wide (range 16.0–39.6 mmHg at the surface, 14.1–42.1 mmHg in normoxia at depth, and
16.6–36.0 mmHg in hyperoxia at depth).

Table 3. Blood gas results during rest and exercise

Surface Normoxia at Depth Hyperoxia at Depth

Rest Early Late Early Late Early Late

Arterial blood gases
PaO2, mmHg 103.9 � 7.6 105.2 � 6.4 102.1 � 8.4 103.8 � 13.6 94.7 � 8.7 1,056 � 51‡§ 1,067 � 64‡§
PaCO2, mmHg 40.1 � 3.8 39.3 � 2.3 36.1 � 3.5 42.8 � 3.0‡ 42.0 � 3.7‡ 47.2 � 3.2‡§ 47.0 � 3.8‡§
pH 7.41 � 0.02 7.32 � 0.05* 7.32 � 0.06* 7.32 � 0.05 7.31 � 0.08 7.32 � 0.04 7.33 � 0.06
Bicarbonate, mmol/l 25.4 � 2.1 20.5 � 2.9* 18.9 � 4.0* 22.4 � 3.3‡ 21.5 � 4.2‡ 24.9 � 2.8‡§ 25.0 � 2.7‡§
Base excess, mmol/l 0.6 � 1.7 �5.0 � 3.4* �6.3 � 4.5* �3.1 � 3.7‡ �4.2 � 5.0‡ �1.0 � 3.0‡§ �0.9 � 3.2‡§
Total CO2, mmol/l 27.7 � 2.2 21.7 � 2.9* 19.9 � 4.0* 23.7 � 3.3‡ 22.8 � 4.2‡ 26.4 � 2.9‡§ 26.4 � 2.8‡§

Mixed venous blood gases
pH 7.36 � 0.02 7.22 � 0.06* 7.23 � 0.06* 7.23 � 0.06 7.23 � 0.08 7.23 � 0.04 7.23 � 0.05
Pv�O2, mmHg 35.5 � 4.8 23.8 � 2.2* 23.3 � 2.5* 28.5 � 8.1‡ 26.1 � 2.5‡ 35.4 � 1.5‡§ 35.4 � 2.5‡§
Pv�CO2, mmHg 44.5 � 4.1 62.1 � 4.3* 59.0 � 4.0* 62.4 � 3.2‡ 60.9 � 5.0‡ 66.4 � 6.3‡ 67.6 � 6.2‡
Total CO2, mmol/l 26.7 � 1.7 27.2 � 2.6 26.4 � 3.6 28.8 � 3.2‡ 27.7 � 3.9‡ 30.3 � 3.5‡§ 30.9 � 3.4‡§

Values are means � SD. Surface, air, 1.0 ATA pH, PO2, and PCO2 are corrected for body temperature; normoxia at depth, 0.2 ATA PIO2, 4.7 ATA; hyperoxia
at depth, 1.75 ATA PIO2, 4.7 ATA; rest, resting values; early, exercise values, 6 min; late, exercise values, 16 min; PaO2, arterial PO2; PaCO2, arterial PCO2;
pvo2mix, mixed venous PO2; pvco2mix, mixed venous PCO2. Significant difference (P � 0.05): *from rest to exercise at the surface; ‡at depth compared with
surface; §hyperoxia compared with normoxia at depth.
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Ventilation. At the surface, ventilation increased from early
(6th min) to late (16th min) exercise, consistent with results of
Wylegala et al. (69) for underwater exercise at 1.12 ATA. This
increase occurred in the setting of constant workload, CO, V̇O2,
and V̇CO2. This increase in ventilation of �12% occurred with
V̇O2 in exercise of �65% of subjects’ demonstrated V̇O2max.
This amount of change in V̇E is comparable to that seen in
sustained, constant-load exercise in the dry at a higher work
rate of 85% of V̇O2max (28). Sustained, constant-load exercise
in the dry at lower work rates (�45–65% of V̇O2max) produces
a much more gradual increase or no change at all (30, 43). The
difference in ventilatory pattern seen in immersed exercise
compared with exercise in the dry is most likely due to
increased resistive load caused by higher breathing gas density
and increased elastic load caused by increase blood volume in
the pulmonary vasculature (12, 52), factors that increase work
of breathing (WOB).

Although V̇E tended to increase from early to late exercise at
depth, the effect was not statistically significant. Similarly, Ray
et al. showed that the increase in V̇E during underwater exer-
cise at 2.7 ATA (53) and 4.7 ATA (54) was attenuated
compared with studies at 1.12 ATA (69). It is likely that this
attenuation of the increase in V̇E at 4.7 ATA in our study
occurred by mechanisms similar to those in the studies by Ray
et al. at depth. These include increased airway resistance due to
higher gas density and hyperoxia [1.6 ATA PIO2

was used in
the studies by Ray et al. (53, 54)].

Ventilation and gas exchange. The increase in V̇E at the
surface from early to late exercise was due to an increase in f
without a significant change in VT, although there was a trend
toward a reduction in VT in late exercise. From early to late
exercise, there was no significant change in arterial or mixed
venous pH or arterial bicarbonate to suggest increasing, un-
compensated metabolic acidosis. PaCO2

at the surface de-
creased concurrently with increasing V̇E as expected. VD/VT

and V̇O2 did not change from early to late exercise, suggesting
that these were not significant factors in driving ventilatory

changes during exercise in the present study. Exercise-induced
respiratory muscle fatigue during dry exercise seems to occur
as a result of increased WOB in the setting of limited perfusion
of respiratory muscles (14) and has been suggested as a factor
that contributes to the rise in V̇E during prolonged underwater
exercise (53, 69). Increased respiratory rate is an early mani-
festation of inspiratory muscle fatigue in the clinical setting, a
course in which the end point is often hypercapnic respiratory
failure (10). In the present study, the increase in f is consistent
with the onset of respiratory muscle fatigue due to increased
resistive and elastic load; however, it did not result in changes
in acid-base balance. We did not specifically investigate respi-
ratory muscle fatigue. However, the increase in V̇E that we
observed at the surface in the face of a constant metabolic load
and blood gas parameters is consistent with respiratory muscle
fatigue. More specific investigations have demonstrated a sim-
ilar increase in V̇E associated with respiratory muscle fatigue in
dry exercise (28). Respiratory muscle fatigue is also supported
by the investigations of Wylegala et al. (69), who showed that
the progressive increase in V̇E during steady-state exercise was
eliminated by respiratory muscle training.

During constant-load exercise of light to moderate intensity
in the dry at 1 ATA, V̇E increases sharply in the first minute of
exercise and reaches a maximal value within 4 min and then
remains constant, whereas at higher intensity V̇E continues to
increase slowly after the initial sharp increase (30, 43, 49, 65).
The increase in V̇E during submaximal immersed exercise at 1
ATA seen in the present study is more similar to changes in V̇E

during moderate to heavy constant-load dry exercise. Response
to acidosis (65), development of respiratory muscle fatigue
(30), increased body temperature (23), and increased dead
space (43) have been proposed as mechanisms for this increase
seen in exercise at higher intensity in the dry. This difference
in V̇E between dry and immersed exercise may reflect in-
creased elastic WOB due to engorgement of pulmonary vessels
during immersion (resulting in decreased lung compliance)
(12, 52). It is also possible that the hyperventilation reflects
activation of unmyelinated c fibers, which stimulate rapid,
shallow breathing in response to increased lung water and
pulmonary vascular congestion (J receptors) (22, 50), although
if this were the main factor, it would be more difficult to
explain the effects of respiratory muscle training (53, 54). It is
likely that the same tendency for V̇E to increase during im-
mersed exercise at the surface also exists at depth; however,
mechanisms that potentiate hypoventilation, such as increased
PO2 and breathing gas density, may in part negate the effects
seen at the surface.

In normoxia, VD/VT was similar at depth and at the surface,
but in hyperoxia VD/VT was increased compared with the other
conditions. Previous studies in the dry have shown VD/VT to
increase with gas density, independent of PO2 over the range
of 0.2–3 ATA PIO2

(8, 44, 47, 57, 58, 68), most likely
because of impaired molecular diffusion of CO2 and mald-
istribution of ventilation (47). This density-related increase
in VD/VT was not seen in the present study of immersed
exercise. Increased VD/VT seen in hyperoxia may be due to
pulmonary vasodilatation, which could have resulted in di-
version of blood flow to hypoventilated lung units (44).

Arterial PCO2 was significantly increased by depth and fur-
ther increased by hyperoxia at depth. A previous study of
underwater exercise under the same conditions at 4.7 ATA

Fig. 4. Alveolar-arterial PO2 (PAO2-PaO2) difference. In normoxia, there was no
effect of depth on the PAO2-PaO2 difference. From early to late exercise, the
PAO2-PaO2 difference increased 51.5% in normoxia but not in hyperoxia. Mean
values � SD are shown. *Statistical significance (P � 0.05) between a pair of
conditions; ‡statistically significant difference (P � 0.05) between early and
late exercise.
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using PIO2
0.7, 1, and 1.3 ATA did not show any effect of PO2

on PaCO2
(8). However, the effect seen in the present study is

likely to be due to the wider range of PO2. This is the first
immersed exercise study to examine the effects of PIO2

over
this range.

Factors that could contribute to lower V̇E in hyperoxia at
depth include a reduction in metabolic acidosis (due to less
hypoxia-induced tissue acidosis) (35) or a direct inhibitory
effect of hyperoxia on respiratory drive. Arterial pH during
exercise was lower than normal and did not differ among
surface, normoxia at depth, and hyperoxia at depth. However,
the mechanisms of acidemia differed, with metabolic acidosis
more prominent in normoxia. Depression of V̇E by hyperoxia
resulted in a higher PaCO2

compared with normoxia at depth
and compared with surface. Studies of submaximal steady-
state exercise O2 breathing at 3 ATA compared with air
breathing at 1 ATA revealed increased PaCO2

in hyperoxia,
which was attributed to a reduction in V̇CO2 (29). V̇CO2 in the
present study was reduced by hyperoxia without a change in
V̇O2 consistent with altered metabolic activity in respiratory
muscles or reduced buffering of metabolic acids. Our blood gas
findings indeed support a slight reduction in metabolic acids by
hyperoxia, without an effect on arterial pH. Conceivably this
could also be caused by an accumulation of CO2 in the body
due to reduced V̇A. Consistent with this, we did observe higher
arterial TCO2 and a trend toward increased mixed venous
TCO2. Moreover, during hyperoxia elimination of CO2 from
tissue could have been impaired, because of reduced CO2

solubility in venous blood attributable to the Haldane effect.
Direct suppression of respiratory drive by hyperoxia cannot

be excluded as a cause for relative hypoventilation and hyper-
capnia (18, 35). The present study demonstrates a reduction of
V̇E and V̇A in hyperoxia during underwater exercise at depth.
That V̇E was reduced in hyperoxia despite an arterial pH
similar to that in normoxic conditions and a higher PaCO2

(which itself would be expected to stimulate V̇E via peripheral
chemoreceptors) supports the notion of an attenuation of re-
spiratory drive by hyperoxia. In addition, impairment of ven-
tilation-perfusion (V̇A/Q̇) matching in hyperoxia, as suggested
by diminished V̇A and greater VD/VT, may further contribute to
CO2 retention during exercise at depth.

HCVR in one subject. Subject 3 was noted to have a
remarkably low HCVR at rest. Previous studies found HCVR
to have a small, but significant effect on PaCO2

, that is, low
HCVR was associated with higher PaCO2

(8, 36, 37). In the present
study, this subject with impressively low HCVR did not demon-
strate evidence of significant hypercapnia; in fact, his PaCO2

values

were below the mean for all subjects (Table 4). This may have
been due to his greater degree of metabolic acidosis (lower
arterial pH and bicarbonate) compared with the mean, which
could have offset his low CO2 drive. Although this subject did
not excessively retain PaCO2

during moderate exercise in the
study, the possibility that his PaCO2

might have been higher
during lighter exercise with less acidosis cannot be excluded.

Systemic hemodynamics. HR, CO, SV, MAP, and CVP were
increased by depth compared with surface, effects that were
abolished by hyperoxia. With PO2 constant at 0.2 ATA at
surface and depth, the main difference between these condi-
tions is the increased density of breathing gas at depth, which
will produce higher airway resistance and increased intratho-
racic pressure swings between inspiration and expiration.
Greater negative intrathoracic pressure during inspiration in-
creases right ventricular preload, although this effect may be
limited by the tendency for the great veins to collapse upon
entry into the thorax (55), while positive intrathoracic pressure
generated during expiration decreases left ventricular afterload
(27, 51). These interactions would serve to augment SV. In
humans during dry maximal exercise, reduction of intratho-
racic pressure swings decreased CO and SV, while augmenta-
tion did not alter CO (21). During submaximal exercise in dogs
augmentation of inspiratory negative pressure had little effect
on CO, while reduction in the magnitude of inspiratory in-
trathoracic pressures swings (by applying positive pressure
ventilation) reduced CO (46). During immersed submaximal
exercise, engorgement of large veins (12, 52) would reduce the
tendency for venous collapse at entry into the thorax during
inspiration, thus allowing a greater degree of inspiratory pre-
load augmentation. In addition, increased intra-abdominal
pressure swings with increased WOB during exercise at depth
would cause greater blood shift from the splanchnic vascula-
ture to augment venous return and SV, and consequently the
greater CO we saw at depth in this study (2). In the present
study, increased HR and SV (compared with surface) both
contributed to a higher CO at depth. Higher CVP compared
with surface is consistent with increased preload, which would
work to augment SV. A reduction of WOB by hyperoxia at
depth would have attenuated such an increase in CO, which
was indeed seen in this study.

From early to late exercise, HR increased despite constant
workload and CO. A decrease in SV from early to late exercise
approached statistical significance (P � 0.07). In upright ex-
ercise in the dry, SV reaches a plateau within the first 10 min
during prolonged exercise (duration 50 min) at moderate-heavy
submaximal workloads or tends to decrease because of shorter

Table 4. Respiratory and blood gas parameters for subject 3 during exercise (HCVR 0.10 l/mmHg)

V̇E, l/min BTPS PaCO2, mmHg PaO2, mmHg Arterial pH Arterial Bicarbonate, mmol/l) V̇O2, l/min STPD V̇CO2, l/min STPD

Surface
Early 70.0 39.5 105 7.21 15.8 2.15 2.56
Late 78.8 30.7 112 7.20 11.9 2.17 2.19

Normoxia at depth
Early 80.9 41.6 119 7.19 16.0 2.34 2.77
Late 89.0 37.7 104 7.13 12.7 2.48 2.51

Hyperoxia at depth
Early 56.5 43.2 1006 7.23 18.5 2.78 2.23
Late 64.9 45.6 1082 7.21 18.2 2.89 2.33

Normoxia at depth, 0.2 ATA PIO2, 4.7 ATA; hyperoxia at depth, 1.75 ATA PIO2, 4.7 ATA; rest, resting values; early, exercise values, 6 min; late, exercise
values, 16 min; V̇E, minute ventilation,.
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diastolic filling times with higher HR, and the maintenance of
CO is HR dependent (13, 16, 24). CVP did not change from
early to late exercise. MAP decreased from early to late
exercise, consistent with observations during dry exercise at
the surface, which is thought to occur because of vasodilatation
for dissipation of heat and redistribution of blood to working
muscles, although the decrease in SVR did not reach statistical
significance (40).

Pulmonary hemodynamics during exercise. Previous work
has shown that MPAP and PAWP increase during underwater
exercise compared with dry exercise (66). In this study, how-
ever, comparing the 6th and 16th minutes of exercise, MPAP
did not increase, and there was no change in PAWP, PVR, or
CO from early to late exercise at surface or at depth. In
addition, MPAP at the surface, analyzed at 1-min intervals,
actually exhibited a significant decrease over the course of
exercise but still exceeded what has been observed under
similar conditions in the dry.

During dry exercise in healthy subjects, pulmonary artery
pressure increases at the onset of exercise (within the first min)
because of an increase in cardiac output, attains a peak pressure
early in exercise (within 3–4 min), and stabilizes at a level at
or below maximal pressure over the remainder of exercise
(6–20 min total), as PVR decreases with recruitment of a
greater proportion of pulmonary vessels (4, 5, 33, 60, 62). The
decrease in PVR is not consistently observed: some investiga-
tors have found a decrease in MPAP and PAWP without
change in PVR in steady-state submaximal exercise in the dry
(62). To our knowledge, the present study is the first to report
directly measured pulmonary artery pressures during pro-
longed underwater exercise. The finding of decreasing MPAP
at the surface with prolonged underwater exercise is consistent
with a progressive decrease in vascular tone, perhaps due to
changing concentrations of a mediator of pulmonary vasodila-
tation. Endothelial nitric oxide (NO) is a known mediator of
pulmonary vascular tone at rest and has been implicated in
exercise-induced pulmonary vasodilatation in some animal
species (in swine, not in horse or sheep) (15, 32, 42, 45). The
release of NO induced by shear stress on pulmonary endothe-
lial cells during exercise may play a role in the progressive
decrease in MPAP at the surface seen in the present study. This
effect could have been attenuated at depth by CO and blood
gases (see below).

Pulmonary hemodynamics with depth and hyperoxia. Hy-
peroxia-mediated reduction in PVR was first reported by Mc-
Mahon et al. (44), in human subjects at rest and breathing
100% O2 at 3 ATA, and was associated with increased eryth-
rocyte S-nitrosohemoglobin levels. The present study demon-
strates a reduction in MPAP and PVR with hyperoxia during
exercise, compared with normoxia at the same depth and
similar gas density. In normoxia, MPAP was higher at depth
compared with surface, an effect that was abolished by hyper-
oxia. Acidemia induces pulmonary vasoconstriction; however,
arterial pH did not differ between normoxia at depth and
surface or between hyperoxia and normoxia at depth. This
suggests that the differences seen in MPAP occurred because
of another mechanism. Higher CO and PaCO2

are the most
likely mechanisms for increased MPAP at depth compared
with surface. During hyperoxia at depth, MPAP and PVR were
reduced compared with normoxia at depth despite significantly

higher PaCO2
and similar CO. These findings are consistent

with an effect of O2-mediated pulmonary vasodilatation.
We cannot exclude the possibility that the slightly higher

MPAP during normoxia at depth might have been due to
effects of alterations in lung volume and intrathoracic pressure.
If higher gas density and individual breathing strategy in
response to greater airway resistance at depth resulted in a net
positive mean intrathoracic pressure averaged over the respi-
ratory cycle, then this would cause a rise in transduced pul-
monary artery pressure. Such an effect, if present, could
obscure subtle changes in transmural pulmonary artery pres-
sures at depth. Additionally, there may be some effect of
increased sympathetic tone at depth as a result of increased
WOB with higher gas density and inspiratory muscle fatigue
(61). Because acid-base status did not change from early to late
exercise, an effect of progressive acidosis on MPAP during
underwater exercise could not be demonstrated in this study.

Implications for immersion pulmonary edema. MPAP varied
widely between individuals (up to a 2- to 3-fold difference
among subjects), which may provide an explanation for the
differential susceptibility to IPE among individuals. There
were measurements of MPAP during submaximal exercise that
rose above the threshold for pathological pulmonary artery
pressures (MPAP �30 mmHg with exercise), which could
represent those individuals susceptible to IPE. This finding is
in contrast to dry exercise, in which such high values are only
observed during maximal exercise (33). We did not see major
blood gas changes, nor did pulmonary vascular pressures
increase over the course of 16 min of exercise. Our findings
suggest that at a given level of exertion, the risk of developing
IPE is greater at depth than at the surface, but that this risk is
reduced by high PO2.

PAO2
-PaO2

difference. In normoxia, PAO2
-PaO2

difference was
similar at the surface and at depth. Other studies have shown an
inverse relationship at rest between gas density and PAO2

-PaO2

difference, possibly as a result of improved V̇A/Q̇ matching
(17, 19, 57, 68). In contrast to these previous studies, the
present study combined exercise, immersion, and prone posi-
tioning, each of which has the effect of increasing pulmonary
blood flow. In presence of hypoventilated lung regions, in-
creased Q̇ could worsen V̇A/Q̇ mismatching. This may offset
any improvement in V̇A/Q̇ matching effected by increased gas
density and convective mixing (47, 68).

In the present study, during normoxic exercise at both
surface and depth, PAO2

-PaO2
difference increased from early to

late exercise, consistent with the PAO2
-PaO2

difference patterns
seen in dry exercise (25). In the dry, multiple-inert gas elimi-
nation analysis has shown a pattern consistent with interstitial
pulmonary edema in athletes during prolonged, heavy exercise
in the dry (25). Although lung water was not measured in this
study, an increase in PAO2

-PaO2
difference over the course of

the exercise period is consistent with early interstitial pulmo-
nary edema.

Limitations. Because of risks associated with performing
moderately heavy exertion shortly after decompression, studies
at depth were always performed after studies at the surface. We
therefore cannot exclude potential effects of exercise on he-
modynamic and respiratory parameters measured at depth.

In the present study, we did not use a negative Ptr as in the
studies by Wylegala et al. (69) and Ray et al. (53, 54), although
we did see a similar increase in V̇E at the surface. Although in
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our study workload was adjusted to individual exercise capac-
ity to some degree, there was possibly greater heterogeneity of
response than if we had specified a work rate at a fixed fraction
of V̇O2max.

Summary. To our knowledge, this the first study to investi-
gate respiratory parameters and pulmonary hemodynamics
during prolonged, immersed exercise with of range of PIO2

of
0.2–1.75 ATA. During 16 min of prone underwater exercise,
V̇E increased at the surface but not at 4.7 ATA. Progressive
acidosis did not occur. In healthy subjects, a worsening of
metabolic acidosis as a cause for hyperventilation is not sup-
ported by findings of this study. The results are consistent with
respiratory muscle fatigue as a cause of the increase in V̇E.
Ventilation was reduced by depth and further reduced by
hyperoxia at depth. MPAP in underwater exercise increased
with the onset of exercise, and tended to decrease as exercise
continued, an effect that was significant only at the surface.
There was a two- to threefold variation among the 10 subjects
in MPAP and PAWP, consistent with variation in individual
susceptibility to IPE. Pulmonary vascular pressures were ele-
vated by exercise compared with rest at all depth and PIO2

conditions. The elevated pulmonary vascular pressures during
exercise were accompanied by an increase in PAO2

-PaO2
differ-

ence from early to late exercise, which suggests an increase in
lung water. We cannot exclude the possibility that respiratory
muscle failure might have been induced by increased respira-
tory load during submersed exercise and possibly local acid
accumulation in respiratory muscle (69).
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